[1] Tubular alteration textures, mineralized by titanite, in glassy rims of pillow lavas from a Norwegian ophiolite (Solund-Stavfjord ophiolite complex (SSOC)) are described and characterized by a multimethod approach. Tubular alteration textures, mineralized by titanite, have been previously proposed to result from bioalteration. The microstructure of the titanite and the tubes is investigated using focused ion beam milling in combination with transmission electron microscopy (TEM) and scanning transmission X-ray microscopy (STXM). These indicate an assemblage of submicrometer-sized (about 500 nm) titanite single crystals with no organic film or residue in between the grains. In situ U-Pb radiometric dating of the titanite, using laser ablation-multicollector-inductively coupled plasma-mass spectrometry (LA-MC-ICP-MS), yielded a metamorphic age of 442 ± 13 Ma. An isotope dilution-thermal ionization mass spectrometric age obtained previously for zircons from the SSOC plutonic rocks yielded a magmatic age of 443 ± 3 Ma. The overlap in ages indicates that subseafloor metamorphism, responsible for titanite formation, occurred during seafloor or subseafloor formation of the tubular alteration textures. The rare earth element contents of the titanite were determined using LA-ICP-MS and chondrite-normalized patterns are similar to those of the SSOC volcanics; hence these do not reflect hydrothermal or seawater influence. The Y/Ho ratio of ∼20-30 in the titanite is also consistent with an upper mantle-derived origin. The sum of all of the spatial resolved data reported here neither supports nor refutes a biogenic origin for the tubular textures.
Introduction
[2] It has been stated recently that the biosphere extends into the upper oceanic crust up to at least 1600 m below the rock-water interface [Roussel et al., 2008] . Microbial communities supposedly live on the surface of freshly erupted volcanic, subocean glass and in cracks therein [Santelli et al., 2008; Templeton et al., 2009] . It has been assumed by several authors that these communities alter the glass, which results in microholes within the rock surface Thorseth et al., 1995; Torsvik et al., 1998 ], and are commonly expressed in two different types of alteration textures. The majority are granular textures rooted in fractures in the glass, and less abundant tubular textures that are up to several hundreds of mm in length and tens of mm in diameter [Furnes et al., 2001c; Staudigel et al., 2004] . The biogenicity of such textures has been discussed using various approaches such as morphology [McLoughlin et al., 2009b] , elemental distributions (C, N, S and P) Banerjee and Muehlenbachs, 2003] , DNA staining [Banerjee and Muehlenbachs, 2003] , organic carbon analysis , and stable isotope signatures [Furnes et al., 2002; Torsvik et al., 1998 ]. Such textures have been described within glassy pillow lava rims from in situ oceanic crust [Banerjee and Muehlenbachs, 2003] , ophiolites [Furnes et al., 2002 , and even from Archean greenstone belts Furnes et al., 2004; McLoughlin et al., 2009a; Staudigel et al., 2008] that represent some of the oldest oceanic crustal fragments on Earth . [3] In the older crustal fragments and ancient oceanic crust preserved in greenstones belts, the tubular textures are infilled with secondary minerals (commonly titanite) and preserved over billions of years in the rock record. Titanite is a mineral that can be used for radiometric U-Pb dating, and thus age constraints have been determined for bioalteration textures in Proterozoic and Archean pillow lavas [Fliegel et al., 2010a] . The processes of mineralization of tubular textures by titanite is still not very well defined. In an earlier work, putative granular textures in chilled margins of pillow lavas from the island of Kattøy were described [Furnes et al., 2002] and linked to bioalteration processes. The main evidences for the biogenicity of the granular textures were low d
13 C values and the distribution of possible biogenic elements within the textures [Furnes et al., 2002] . [4] In this study, we expand the investigation of alteration textures in pillow lavas from the SolundStavfjord ophiolite complex (SSOC) to tubular alteration textures. Titanite mineralization ages of the alteration textures are evaluated in relation to the microstructure of the titanite via a combined scanning electron microscopy (SEM), transmission electron microscopy (TEM) and scanning transmission X-ray microscopy (STXM) approach. The major goal was thus to investigate whether the mineralization history at the micrometer scale combined with spectroscopy at high spatial resolution can be used as a biogenicity proxy for such textures. Furthermore, the Yttrium (Y) and rare earth element (REE) chondrite-normalized patterns (YREE) are used to help determine the origin of the titanite.
Geological Setting and Materials Investigated
[5] The age of the magmatic sequence in the SSOC is of Late Upper Ordovican/Early Silurian . The downward pseudostratigraphy of the ophiolite consists of basaltic pillow lavas with massive flows and pillow breccias, followed by a sheeted dyke complex and finally massive gabbros. Based on investigations of the architecture, morphology, geochemistry and thermal history, it has been proposed that the SSOC represents an ancient analog to the volcanic and plutonic rocks present within the modern midocean intermediate spreading of the Costa Rica rift [Furnes et al., 2000; Muehlenbachs et al., 2003] . The hydrothermal history of the SSOC has been investigated on the Island of Oldra (NNE of Kattøy, Figure 1 ), giving peak temperatures of 260-290°C ( 18 O values of quartz-epidote) for the volcanic rocks [Fonneland-Jorgensen et al., 2005] . The influence of Ordovician seawater on the SSOC has been investigated using 87 Sr/ 86 Sr ratios . Whole rock Sr isotope analyses from the island of Oldra (Figure 1 ) do not coincide with the proposed composition for Ordovician seawater [Furnes et al., 2000] . The latter interpreted the oxygen and strontium isotope compositions of the volcanic rocks in the SSOC to reflect hydrothermal alteration in a subseafloor setting.
[6] The volcanic sequence of the SSOC is overlain by metasediments and intruded by MORB-type sills and dykes. An estimate of the proportion between massive flows and pillow lava suggests that the SSOC developed at an intermediate spreading rate, with the plutonic components of the crust exposed approximately 20 km north of the sampling site of this study on the island of Tviberg (Figure 1) The emplacement of the SSOC onto the sedimentary cover of the Norwegian Western Gneiss Region took place during the Caledonian orogeny, post Wenlock (428-423 Ma) time [Andersen et al., 1990 [Andersen et al., , 1998 Pedersen et al., 1992] . [7] Samples for this study were collected during two field trips in 2000 and 2008 and their stratigraphic locations are indicated in Figure 2 . Despite several recorded phases of deformation within the SSOC [Furnes et al., 2001a] , the pillow lavas from the sampling site in the southwest region of the SSOC, on the island of Kattøy, are little deformed as shown in Figure 3 . [8] The pillows consist of a greenschist assemblage with typical minerals such as chlorite, epidote, albite, and titanite; quartz and calcite are found in veins. The pillows show clear quenched glassy margins with a variolitic zone and a crystalline core (Figures 3b and 3c ). The matrix of the original glassy rim is now mainly fine-grained chlorite with strings of epidote. Further long bands of titanite can be found in the margins of the pillows. [9] To investigate possible microbial carbon oxidizing processes, the d 13 C carbonate values (expressed in ‰) of pillow rims and crystalline cores were investigated previously by Furnes et al. [2002] and Konhauser [2009] . The d 13 C carbonate values of the crystalline cores for the investigated samples ( Figure 4a ) are distributed normally (statistical test: Test David on normality with significance level 5%, test criteria = (x max − x min )/s) around the typical mantle values (−7 to −5 ‰). All investigated samples except one record a lower d 13 C carbonate value in the pillow rim compared to the pillow core ( Figure 4b ). This was interpreted by Furnes et al. [2002] as a proxy for possible oxidation of organic matter possibly generated by microbial metabolisms in the pillow rims of the SSOC [Furnes et al., 2002] . Notably, the sample investigated by both microbeam and nanobeam techniques and hosting tubular textures shows the largest spread in d 13 C carbonate (D around −20) of all studied samples (Figure 4b ), and the main reason for its detailed investigation. However, coarse-grained carbonates could not be located within the tubular textures investigated here and thus could be finely disseminated within the sample.
Analytical Procedures

Optical Microscopy
[10] Nikon Eclipse LV100POL (Nikon, Japan) petrographic microscope was used for transmitted light microscopy. The microscope was equipped with a Nikon DS-Fi1 camera and pictures were taken using the NIS Elements BR (Nikon, Japan) software package.
Scanning Electron Microscopy
[11] The SEM images were taken using a Zeiss supra 55VP SEM. The SEM images were acquired using carbon coated petrographic thin sections. Typical backscattered electron (BSE) images are shown, acquired with an acceleration voltage of 15 kV and at a working distance of 15 mm at an aperture size of 60 mm. XRF spectra were taken using an EDX detector (Thermo Noran EDS) measuring all elements in one overnight run to ensure good counting statistics.
Focused Ion Beam Milling and Transmission Electron Microscopy
[12] Focused ion beam (FIB) milling was used as site specific sample preparation method for TEM and XANES measurements. FIB was obtained using a FEI FIB200TEM with a Ga ion source for sputtering at GeoForschungsZentrum Potsdam (GFZ), Germany. FIB slides are approximately 15 × 10 × 0.15 micron in size. FIB slides were lifted out of the FIB milling site and were placed on standard Cu TEM grids covered with perforated amorphous carbon film (lacey carbon) to allow carbon analysis without significant carbon background. Details of the FIB preparation are given by Wirth [2004] . Transmission electron microscopy was also conducted at the GeoForschungsZentrum Potsdam (GfZ), Germany. The TEM used for this study was a FEI TecnaiG2 F20 X-TWIN equipped with a Gatan Imaging Filter GIF (Gatan Tridiem), EDAX X-ray analyzer and a Fishione high angle annular dark field detector (HAADF). The electron source of the TEM was a field emission gun emitter and was operated at 200 kV acceleration voltage. 
Scanning Transmission Soft X-Ray Microscopy
[13] For the STXM measurements one FIB foil was used after TEM measurements. The PoLux beam line at the Swiss light source was used as an X-ray microscope. An overview image was taken at 500 eV to locate the titanite-chlorite boundary. Subsequently XANES line scans from 280 to 380 eV with spatial resolution of 50 nm were taken, probing the C 1s edge with energy steps of 0.25 eV. Additionally stacks at 280 eV and 320 eV were taken at selected areas to probe C 1s pre-edge and C 1s on-edge. Fe L 2/3 edge (Fe II/III ) analysis was done at two spots, one in the chlorite and one in the titanite recording spectras from 700 to 720 eV with 0.25 eV stepsize. Data was reduced using aXis software package and XANES data is presented as −ln(I/I 0 ).
Radiometric Dating Using Laser Ablation MC-ICP-MS
[14] LA-MC-ICP-MS in situ radiometric titanite dating was conducted using a UP213 nm New Wave laser ablation system coupled to a Nu Plasma MC-ICP-MS at University of Alberta, Edmonton, Canada. The data acquisition followed the protocol described by Simonetti et al. [2006] . Ablation experiments were conducted in single spot analysis with a laser fluence of ∼2 J/cm 2 and 4 Hz repetition rate. Pb isotopes were measured on ion counters, U and Tl (mass bias correction) were measured on Faraday cups. The Khan titanite [Heaman, 2009] was used as the external standard and to monitor instrumental drift of the measured U/Pb ratios.
Trace Element Analysis Using LA-ICP-MS
[15] Rare earth element abundance in the titanite were determined using a UP213 nm New Wave Laser ablation system coupled to a ThermoFinnigan Element2 ICP-MS at University of Bergen, Norway. Ablation was carried out using scanning mode ablation directly on thin sections. Laser beam size was 80 mm, 10 Hz repetition rate at a scanning speed of 10 mm/s and an applied fluence of approximately 2 J/cm 2 . Analyses were done in standard-sample bracketing using the Khan titanite as the external standard for drift correction and quantification. Trace element concentrations for the Khan titanite are taken from Heaman [2009] . For imaging purposes, the SRM NIST 610 was used as external standard. The ICP-MS was tuned prior to analysis using SRM NIST 610 on maximum signal ( 238 U, min. 700,000 cps), minimum elemental fractionation ( Ce 16 O (oxide formation), were measured. The method was optimized for maximum scan speed. The concentration of Ti (main element) was measured using EDX analyses (n = 50 spots per sample) using the Thermo Noran detector at a Zeiss Supra 55VP SEM (at University of Bergen). Data was reduced using the Glitter data reduction software and normalized against REE chondrite values [McLennan, 1989] . Only analyses exceeding a Ti/Fe ratio of 1.5 were regarded as titanite; analyses with Ti/Fe ratio < 1.5 were discarded.
Results
Morphological Description of the Titanite and the Tubular Alteration Textures
[16] Figure 5 shows filamentous titanite bands in the chlorite matrix. The filaments are several hundred mm in length and some tens of mm to approximately 100 mm thick. Additional round structures of titanite are widely distributed in the matrix. Some structures are rarely round to oval in shape, and these may represent crosscuts of the filamentous structures in the sample. Both blobs and filaments show zonation consisting of a lighter outer part and a darker inner region.
[17] Some of the filaments show tubular textures spreading orthogonal from the axis of the filaments. The size of the tubular texture is commonly up to 30 mm in length and 20 mm in diameter. In extreme cases the tubular textures are also longer than 30 mm. Some textures appear to be segmented. Apart from the orthogonal spreading textures away from a root zone, textures occasionally also propagate with angles other than 90 degrees into the chlorite. The interface between texture and host chlorite appear to be nonlinear in optical microscopy. Additionally, some terminations of the tubular textures are broader compared to the rooted area.
[18] Titanite mineralized textures from within ancient greenstone belts consist of longer tubes, sometimes also with branching and twisting features Furnes et al., 2004; McLoughlin et al., 2009b] . The length to diameter ratio is higher for these textures compared to those from the SSOC textures. Furthermore, the textures described here lack a level of complexity described previously Furnes et al., 2004; McLoughlin et al., 2009b] . SSOC tubular textures are not crosscut by chlorite, such as described for titanite mineralized textures in Archean greenstone belts Furnes et al., 2004] . The presence of crosscutting chlorite has been used as argument for the antiquity of the tubes in Archean samples . The lack of the crosscutting chlorite does not provide an age constraint of the titanite mineralization based on the timing of chlortitization of the sample; hence necessitating the in situ U-Pb age dating of titanite in order to delineate the timing of metamorphism.
SEM-EDX
[19] The titanite records zoning with an iron rich inner section and an iron depleted outer region, which is especially visible in the filamentous areas and in the blobs. This is seen in EDX analysis with long dwell times ( Figure 6 ). The inner part of the filaments is also characterized by elevated Al concentrations. Ti and Ca as main phase elements for the titanite are depleted in these areas. Based on EDX analysis, there are no apparent differences between the titanite mineralizing the filaments and the tubular textures. 
TEM Investigations
[20] The titanite is microcrystalline with grain sizes of about 500 nm. The overview of the investigated FIB foils is shown in Figure 7 . Typical titanite prismatic crystal shapes are visible in TEM images. The single titanite grains in a titanite filled tube (Figure 8 ) seem to be oriented in two directions; titanite in the bottom of the sample is oriented toward the upper right of the image, whereas the titanite in the upper part seems to be oriented toward the upper left of the image.
[21] TEM-EDX analysis on single titanite grains by TEM indicates titanite with low iron content close to the interface between titanite and chlorite ( Figure 9 ). Titanite in different FIB foils was analyzed using TEM-EDX. In total 4 different FIB foils were analyzed, 3 from tubular textures with different milling orientation and one from a root zone. As shown in Figure 10 no difference in the Ca-Ti-Si ratio is evident. Additionally only minor amounts of other elements are present. In one analysis, a minor amount of Fe was incorporated in the titanite (analysis 2, Figure 10 ). With the exception of iron, no other element was detected in all titanite main phase analyses. Slight differences in the carbon intensities on the Ka between titanite and chlorite are possibly due to a spectral interference of the C Ka line (0.277 eV) with the Ca La1 line (at 0.341 eV, with relative intensity Ca Ka1 0.587, Ka2 0.297, Kb1 0.116, La1 0.100).
Crystallinity
[22] The titanite is fully crystalline. This is visible in the bright field (BF) image shown in Figure 11a , which exhibits the typical diffraction contrast for crystalline samples. Single grains with a grain size of about 500 nm are visible. Figure 11b shows a pore (∼200 × 400 nm) in the titanite matrix. Based on the lattice fringes in high-resolution TEM (HRTEM) images (Figure 12 ), the grain boundaries are sharp and lack amorphous material within the interstitial areas.
Scanning Transmission X-Ray Microscopy
[23] STXM allows the determination of the occurrence and binding state of elements at the nanometer scale (resolution down to 30 nm) by analyzing samples with a focused X-ray beam of specific energy. Scanning the X-ray energy of the X-ray beam across the adsorption edge of the analyte leads to adsorption of an X-ray photon by a core level electron and then causes the emission of the latter. The gap is then filled by relaxation via an Auger process or by an electron from a higher shell, which leads then to photoemission. The photoelectron subsequently gets scattered by neighboring atoms which results in oscillations in the spectra near the adsorption edge. These oscillations are recorded and can be interpreted for the chemical environment of the target analyte atom [Koningsberger and Prins, 1987] . Figure 13a shows a contrast image of the FIB slide at 500 eV. Clearly the tubular structure of the dark titanite in the light gray chlorite matrix can be seen. In Figure 13b an image at 280 eV is shown. 280 eV is lower than the K-edge of carbon (284 eV); the carbon film is not visible in this image. In contrast, Figure 13c shows an image at 320 eV, representing the carbon post K-edge area. The existence of carbon is confirmed by a higher optical density.
The on-edge image shows the carbon supportive grid (10 nm thickness) including a hole in the grid, which demonstrates the principle sensitivity for carbon in thin linings. No carbon is detected at the interface between titanite and chlorite (spatial resolution approximately 30-40 nm). A slightly different optical density for titanite and chlorite can be seen in the images at 280 and 320 eV. This is not attributed to a different content of carbon in the two phases but to the different optical density of both phases. Figure 14 shows XANES spectra, acquired using line scans over the chlorite matrix and into the titanite. The transition from chlorite to titanite is clearly visible in the XANES line scan by the appearance of the Ca doublet at around 350 eV. In the line scan from 280 to 380 eV the titanite is represented by the Ca doublet at 346 eV. Carbon linings at the interface between titanite and chlorite have been reported in titanite mineralized tubular textures from Archean greenstone belts and these were used as one line of evidence for the biogenicity of such tubular textures Furnes et al., 2004] . However, carbon-containing compounds are not present in the investigated SSOC samples due to the absence of a peak at 290-330 eV at the transition between chlorite and titanite. Iron STXM reveals the difference in the oxidation state of Fe between the chlorite matrix and titanite, where Fe is present mainly in its reduced form (Fe II ) in chlorite compared to a higher oxidation state (Fe III ) in titanite (Figure 15 ).
Trace Elements (Rare Earth Elements)
[24] Normalized REE (rare earth element) patterns can be a powerful proxy for provenance studies. Titanite may accommodate significant amounts of REEs into its structure during crystallization. REE analysis of titanite was conducted using LA-ICP-MS, and REE concentrations were chondrite- Figure 9 . EDX-TEM analysis of titanite and chlorite grains. Ga is in the EDX spectra due to Ga emanating from the sputter process. The spectra show only the major elements of titanite (Ti, Si, Ca, and O). The spectra for the chlorite point to elements typical of an iron-rich chlorite (Fe, Ca, Si, Al, and O). normalized [McLennan, 1989] . For comparison, the normalized REE concentrations of recent seawater, Jurassic seawater and recent vent fluid are also plotted in Figure 16 . The chondrite-normalized REE patterns of the SSOC titanites are identical to their host bulk rock (Figure 16 ).
[25] The REE abundances in the chlorite host matrix are below the detection limits using LA-ICP-MS (ppb level) as shown in Figure 17 , which represents element mapping, based on LA-ICP-MS results. Only titanite and possibly some quartz vein material accommodate REEs above detection limits. Thus, practically most (if not all) of the REEs are concentrated in titanite. Figure 17 also shows Y/Ho ratios of ∼20 to 30 for the titanite, which are indicative of crustal derivation [Dulski, 2001; Pack et al., 2007] .
Age Determination
[26] The alteration textures have been dated in situ using a petrographic thin section following the LA-MC-ICP-MS protocol described in [Simonetti et al., 2006] . The tubular textures themselves are too small for in situ dating using LA-ICP-MS; therefore, the root zones of the textures were analyzed. Based on mineralogical, textural and/or petrographical basis, no difference is discerned between the titanite filling the root zones and that Figure 10b shows the integrated peak area for the Si Ka /Ti Ka and Si Ka /Ca Ka peak in Figure 10a . Solid line represents the mean value from seven analyses, and dashed lines represent 2s.
found within the tubes. This may indicate that there is no significant time difference between formation of the titanite in the root zones and that in the tubular textures. The data is plotted as noncommon lead corrected data on a Tera-Wasserburg plot [Tera and Wasserburg, 1972] . As shown in Figure 18 , the data from the Solund-Stavfjord ophiolite define a well-constrained mixing line between the common lead compound (y axis intercept) and the lower intercept with the Concordia curve, which represents the composition and age of the radiogenic component. The age of the sample is defined by the lower intercept of the mixing line with the Concordia curve in the U age, including full error propagation, is 458 ± 13 Ma (with one analysis rejected due to 2 s criterion). Given the associated uncertainties, this age is indistinguishable compared to the 443 ± 3 Ma isotope dilution-thermal ionization mass spectrometric (ID-TIMS) age obtained for zircons from a quartz diorite from the same ophiolite complex [Pedersen et al., 1991] .
Discussion
Age and Implications on the Morphology
[27] The strings and blobs of titanite most probably represent mineralization within initial cracks in the glass matrix. Different phases in the titanite are observed, such as a darker inner core zone and a lighter outer region. These two phases possibly represent different stages of titanite mineralization; however, it is impossible to constrain the ages of these two events given our current spatial resolution capacity for in situ U-Pb analysis. The rare tubular textures spreading orthogonally from a root zone are interpreted as initial tubular alteration textures. Compared to tubular alteration textures described in younger ophiolites [Furnes et al., 2001b; McLoughlin et al., 2009b] and older greenstone belts Furnes et al., 2004; Staudigel et al., 2008] the textures shown here do not exhibit the same complexity and length (Figure 18 ). The etching of the glass to produce the initial tubes must have occurred prior to any Figure 13 . (a) An STXM overview of the FIB slide imaged at 500 eV. The titanite in the tubular texture is represented by the strong contrast (Ti L 2/3 -edge at 453-460 eV). The light gray is the chlorite matrix. The FIB slide is laying on a 10 nm amorphous carbon film with holes in it (lightest part of the image), and the arrow represents a hole in the carbon film where a carbon map was generated. The dashed circle indicates an area where an XANES scan (indicated by the arrow in the circle) was conducted (data shown in Figure 14) . (b) An image at the area around the arrow in Figure 13a acquired at 280 eV. This is the carbon "pre-edge" picture (C K-edge at 284 eV). (c) A carbon "on-edge" picture of the same area taken at 320 eV. Clearly the carbon film and the hole in the carbon film are visible. The dark rim at the top represents the protective Pt coating, whereas the bottom darker area represents redeposition of Ga from the sputtering. This observation thus has an important implication on the timing of the tubular alteration.
[28] The generation of the tubular structures within the SSOC pillow rims must have occurred shortly after the eruption of the magma, which implies that the etching process was active on or close to seafloor conditions. This supports the hypothesis for an oceanic or suboceanic origin for such tubular textures. Figure 19 compares different ages and maximum length of tubular alteration textures from different locations worldwide. To date, the SSOC has the shortest measured tubular alteration textures. Compared to textures found in the recent oceanic crust of the Costa Rica Rift system, which may represent a young analog to the SSOC (similar spreading rate, hydrothermal history and ocean depth) [Furnes et al., 2000; Muehlenbachs et al., 2003] , the SSOC textures are much shorter. This is possibly related to a much shorter time for alteration than the maximum 10 Ma (Figure 19 ).
[29] The mineralization of the SSOC textures by titanite under subseafloor, subgreenschist metamorphic conditions occurred possibly very early after the eruption, before emplacement of the SSOC onto the continental margin that began some 20 Ma after its formation [Furnes et al., 2000] . This possibly implies that any process leading to etching of the pits into the host matrix stopped early in the history of the sample, and the alteration in the Solund-Stavfjord samples might have ceased prior to the development of long and complex textures. The termination of the alteration could possibly be due to high temperature and/or reduced/disturbed fluid flow. In contrast, in recent and young oceanic crust such as the Costa Rica rift (6 Ma), the North Atlantic (IODP 396B site; 10 Ma), and the Troodos ophiolite (20 Ma, age interval prior to emplacement for the Troodos ophiolite), tubular alteration textures are much Figure 16 . Graph shows the REE concentrations normalized to chondrite for SSOC titanite, associated whole rock, and various types of seawater and hydrothermal fluid. LA-ICP-MS analyses from titanite in glassy rim and hyaloclastite from Katøy are shown (in red). Black curve depicts the REE concentrations in the SSOC bulk rock (volcanics, dotted line is interpolated data) [from Furnes et al., 1982] . Blue curve illustrates the REE pattern of a recent hydrothermal seafloor vent fluid (rainbow vent) [Douville et al., 2002] ; pink curve is for recent seawater [Douville et al., 2002] . Grey pattern represents the REE signature for Jurassic seawater [Picard et al., 2002] .
longer in size. In addition, titanite mineralized textures from Archean greenstone belts also show a significantly younger titanite mineralization age compared to the eruptive age of the host rock ( Figure 18 ). However, as demonstrated in Figure 19 , the maximum lengths of the alteration textures are not correlated with the maximum ages of alteration. Factors beyond the maximum time span control the time window and intensity of tubular alteration and these factors have not been identified yet. Further constrains on the maximum time span for the alteration based on the geological history and the absolute radiometric ages for the SSOC are currently not possible.
Titanite Structure by TEM Analysis
[30] Both the uniform size and direction of the polycrystalline titanite are indicative of a single crystallization event based on a precursor matrix during one metamorphic event. TEM analysis did not indicate different generations of titanite. Titanium was clearly mobile during greenschist metamorphism and was removed from the glass during its chlortitization, and was then concentrated within hollow structures such as cracks and tubular textures with the aid of metamorphic fluid flow (possibly within a very short distance). This is also supported by the fact that the Ti bulk rock concentrations of the SSOC extrusive lavas are Figure 17 . Elemental mapping using LA-ICP-MS. The spot size was adjusted to 30 mm. Location of the laser craters are indicated in lowermost transmitted light image (by black spots). The two red spots represent an invalid analysis (spectrometer missed the laser trigger signal). The contour plots are generated by interpolating the elemental concentration data using sigma plot and coordination based on the center point of a laser ablation spot. SRM NIST 610 was used as the external calibration standard during elemental mapping for chlorite, quartz, and titanite.
between 2.48 ± 0.33 wt%, which overlap the range of normal ocean basalts. The sample investigated here has an approximate area of 12.6 ± 2.3% titanite (n = 2800, 1 sigma, point counted) which corresponds to a Ti content of approximately 3.0 ± 0.6%. This result indicates that the Ti can be mobilized from the bulk rock and does not require introduction from an ex situ source. The regular and nonradial orientation of the titanite within a tube is inconsistent with stepwise crystallization from the outer wall toward the middle part of the tubes by fluid flow over a considerable time span. Micropores present within the titanite may be indicative of fluid flow that occurred after or during the metamorphic event. Dissolution textures are not visible around the pores.
Carbon
[31] Previous reports have described carbon linings between tubular alteration textures and the host matrix, this despite being subjected to (sub) greenschist facies metamorphism. The data set reported here lacks evidence for organic carbon. The STXM, either in scanning mode or in imaging mode at the carbon 1s edge, shows no indication of carbon present at the analyzed location in the SSOC samples. Clearly visible in the STXM imaging at 320 eV is the very thin (10 nm) lacey carbon film underlying part of the FIB foil for support. This implies that the method is in general sensitive enough to detect minor amounts of carbon in samples such as used for this study. Electron energy loss spectrometry additionally at the 1s-edge of carbon also did not show a carbon signal, which could be distinguished from the background (data not shown). Also, HRTEM analysis of the titanitetitanite grain boundaries does not show any amorphous or crystalline film between single crystals of titanite. This is a clear indication that within the investigated titanite no accessory phase is present in minor amounts (spatial resolution less than 5 nm). This leads to the conclusion that at the sites investigated here no organic carbon is present within the titanite or at the titanite-chlorite boundary.
Y and REE Normalized Patterns
[32] The REE chondrite-normalized patterns for the SSOC titanite record the signature of their host volcanic rocks (Figure 16 ). The titanite REE patterns contain the same negative Eu anomaly as the bulk volcanic rock [Furnes et al., 1982] ; this is in agreement with the Fe II/III STXM analysis indicating a reducing environment in the host rock. There is a lack of evidence for (1) a present-day or ancient seawater influence (negative Ce anomaly [Alibo and Nozaki, 1999; Douville et al., 2002] due to oxidation of Ce III to Ce IV in shallow water environments [Moffett, 1990] ) or (2) high/low temperature hydrothermal (vent) fluid represented, e.g., in a positive Eu anomaly [Bau and Dulski, 1999] . The ratio of the geochemical twins Y and Ho ranging from 20 to 30 indicates an upper mantle-derived origin for the Y+REE accommodated within the titanite [Pack et al., 2007] . Titanite originating from an aqueous system is typically characterized by a Y/Ho ratio of 40 to 70 [Bau and Dulski, 1999; Nozaki et al., 1997; Pack et al., 2007] . This latter feature is independent from the nature of the fluid system since the Y/Ho ratio is controlled by complexation and sorption processes at solidfluid interfaces [Bau and Dulski, 1999] ; whereas in igneous rocks, the Y/Ho ratio is controlled by charge and ratio dependent fractionation processes [Pack et al., 2007] . The most probable scenario is therefore mobilization of Y+REE during the chloritization of the host rock and the titanite subsequently scavenging these elements during the metamorphism. This indicates that the titanite mineralization of the tubular textures occurred during the subgreenschist metamorphism, and no conclusion, based on the analysis of the titanite, can be drawn on the primary generation mechanism of these textures. Since the titanite further shows equal crystal shape and size in all investigated FIB foils, it is unlikely that the crystallization of the titanite preserves the primary mineralization structure of these alteration textures. The maximum alteration time span is defined as the maximum age (subseafloor examples), the difference between eruption and emplacement (zeolite facies), and the difference between eruption and metamorphic age (Prehnite-pumpellyite and greenschist facies). The different ages are compiled from the following references: a, Furnes et al. [2001c] ; b, Robinson et al. [1980] ; c, Robinson et al. [1980] ; d, Banerjee and Muehlenbachs [2003] ; e, Robinson and Malpas [1990] ; f, Dilek et al. [2005] ; g, Fliegel et al. [2010b]; h, this work; i, McLoughlin et al. [2009a] ; j, Banerjee et al. [2007]; k, Fliegel et al. [2010a] . The length has been measured using petrographic microscopy on thin sections.
Evidence for an Ancient Biogenic Origin of the Tubular Textures
[33] Previous studies have attributed tubular, titanite mineralized textures in (meta) volcanic glass to bioalteration processes based on various lines of evidence . Moreover, for the location described here, granular textures in pillow margins have also been described as being of biogenic origin, supported by the low d 13 C carbonate value of the pillow rims compared to the pillow cores and their chemical signature [Furnes et al., 2002] . The lines of evidence reported in the literature for the biogenicity of potential trace fossil structures include (1) the antiquity of the structure, (2) morphology [McLoughlin et al., 2009b] , (3) chemical signatures , (4) isotopic evidence [Furnes et al., 2002 , and (5) the mineralization history. In the following section, these points will be assessed for the tubular textures described here.
[34] 1. The antiquity of the tubular textures is confirmed by absolute radiometric dating of the titanite that is mineralizing the tubes. The radiometric age confirms a minimum date for the formation of the tubes prior to the disconnection of the host rock sequence with the subseafloor environment. It is therefore plausible that the alteration of the volcanic glass took place during hydrothermal activity of the volcanic crust, which would also possibly imply that the rocks were in contact with the suboceanic deep biosphere.
[35] 2. Previously described tubular textures in samples from ancient greenstone belts metamorphosed to greenschist facies conditions are also mineralized by titanite Furnes et al., 2004; McLoughlin et al., 2009a] . However, these textures are much longer and show a more complex substructure. These textures from ancient crust often exhibit a puzzling variety of complex morphologies. Some of the morphological features reported are tunneling, true branching, helicoidal structure, and annulation [McLoughlin et al., 2007 [McLoughlin et al., , 2009b . The textures described here do not show these varieties of substructures. Therefore, assessing the biogenicity of the textures described here based on their morphology may be questionable. An additional argument for the biogenicity of tubular textures in ancient (meta) volcanic glass has been the propagation of the tubes in one direction away from a root zone. This observation seems to support the model of directed etching by microbiota of the tubes beginning from an open surface. The tubes described here spread in some occasions symmetrically in both directions from a root zone. In such instances, it is difficult to access whether the root zone or the texture was the primary structure.
[36] 3. Chemical evidence has been described as a biogenicity proxy of alteration textures of any age. The correlation of the occurrence of biogenic elements such as C, P, S and N with alteration textures has been documented Furnes et al., 2004] . Focused ion beam milling in combination with transmission electron microscopy prepare fresh sampling surfaces from a specified depth below the surface of a standard thin section. Despite the use of this sophisticated analytical technique for the investigated areas of the textures described here, no evidence was found for the enrichment in such elements associated with the tubular textures. Moreover, the REE data clearly indicate the incorporation of these elements into the titanite during metamorphic growth of new mineral phases. It is also possible that other elements redistribute and are concentrated in newly formed (metamorphic) minerals. An elevated concentration of "biogenic" elements such as P, N and S could result from induced element mobility during metamorphism. Further chemical evidence for the biogenicity of such structures has been the presence of carbon linings around the boundary between host rock and titanite . This has been interpreted as residual material resulting from the organic matter derived from microbiota assumed to have etched the tubes. Three different approaches such as electron energy loss spectroscopy (EELS), scanning transmission (soft) X-ray microscopy (STXM), and high-resolution transmission electron microscopy (HRTEM) have all failed to identify (organic) carbon, carbonate, or an amorphous phase at phase boundaries within the samples investigated. EELS is capable of identifying carbon layers < 10 nm and STXM has a spatial resolution < 40 nm, whereas HRTEM has a spatial resolution to detect amorphous layers < 5 nm.
[37] 4. The occurrence of d 13 C carbonate signatures in SSOC pillow rims lower than the range of typical mantle values (−7 to −5 ‰) has been attributed in the past to the oxygenation of organic matter derived from a biogenic metabolism [Furnes et al., 2002] . The sample from the island of Kattøy, which exhibits the lowest d
13 C values of all investigated samples, is also the sample where the tubular textures are present. This feature possibly provides evidence for a biologically mediated process within the pillow rims; however, clearly distinguishing between inorganic and organic pro-cesses that lead to isotopically "light" carbonaceous matter is a difficult task.
[38] 5. The mineralization history of the SSOC tubular textures derived from the titanite microstructure and the Y+REE patterns within the titanite clearly indicate that titanite mineralization occurred as a one step process; at a time when P-T conditions were suitable for titanite mineralization. Furthermore, several studies have shown a preservation of biological features, such as cell membranes or cell walls despite having experienced metamorphism [Bernard et al., 2007] . The preservation of biological features in such cases can occur by graphitization or formation of mineral phases that template the original biostructure. The sample investigated lacks any indication of a precursor phase from the active times of alteration as evidenced using nanoscale analysis (TEM-BF, HAADF and HRTEM). Therefore, it is unlikely that the titanite mineralization reported here records a template from the initial process of alteration. Based on the mineralogy investigated here, biogenicity of the tubular textures can therefore neither be supported nor rejected.
[39] In summary, the titanite tubular textures in the SSOC lack clear multiline evidences for their biogenicity. Only two (d 13 C and possibly morphology) of the five (possibly morphology, isotope, mineralization, chemical and speciation information) biogenicity criteria could be linked to a biological origin of the tubular textures described here.
Conclusion
[40] Titanite mineralization within tubular alteration textures in the Solund Stavfjord ophiolite occurred at 443 ± 13 Ma ago. This result indicates that the mineralization of the alteration textures was proximal in time relative to the eruption of the SSOC sequence. The tubular textures are considerably shorter compared to alteration textures from other ophiolite complexes and greenstone belts, possibly indicating the limited available time for alteration at or below the seafloor from eruption to mineralization of the textures. The Y+REE patterns of the titanite from the SSOC resemble that of their volcanic host rock, indicating a mobilization of the titanite precursors from the host rock during metamorphism. No indication of a seawater or hydrothermal signature in the Y+REE patterns of the titanite is observed. Nanoscale mineralogical and chemical analysis of the titanite revealed its microcrystallinity. Despite previous reports, the samples investigated here are devoid of organic carbon or other elements of biogenic origin; this observation is based on using contamination-free sample preparation and analysis by XRF, STXM and EELS. The new data presented here thus neither supports nor refutes a biotic origin for the small tubular textures in the SSOC. However, the required nanoscale characterization of such textures is a step toward constraining the chemical, geological and mineralogical window under which potential biogenicity proxies in altered volcanic crust can be preserved over the geological time scale.
